The ground motion characteristics are essential for understanding the structural seismic response. In this paper, the time-frequency analytical method is used to analyze the time-frequency energy distribution of ground motion, and its effect on the dynamic response of nonlinear structure is studied and discussed. The time-frequency energy distribution of ground motion is obtained by the matching pursuit decomposition algorithm, which not only effectively reflects the energy distribution of different frequency components in time, but also reflects the main frequency components existing near the peak ground acceleration occurrence time. A series of artificial ground motions with the same peak ground acceleration, Fourier amplitude spectrum, and duration are generated and chosen as the earthquake input of the structural response. By analyzing the response of the elasto-perfectly-plastic structure excited by artificial seismic waves, it can be found that the time-frequency energy distribution has a great influence on the structural ductility. Especially if there are even multiple frequency components in the same ground motion phrase, the plastic deformation of the elasto-perfectly-plastic structure will continuously accumulate in a certain direction, resulting in a large nonlinear displacement. This paper reveals that the time-frequency energy distribution of a strong ground motion has a vital influence on the structural response.
Introduction

Background
With the development of world economy, science, and technology, more and more structures have been constructed in the earthquake risk region, and the corresponding structural seismic design has also gained more attention. Structures undergo vibrations in response to earthquake excitations, which may lead to excessive lateral displacement or even collapse [1] . Consequently, innovative vibration control devices [2] [3] [4] [5] [6] [7] have been developed to improve the resilience and sustainability of civil infrastructures under extreme loads.
The understanding of earthquake ground motion is crucial to structural seismic design [8] . Traditionally, a number of parameters, such as peak ground acceleration, peak ground velocity, peak ground displacement, spectral characteristics, duration, etc., are used to describe characteristics of earthquake ground motion. These parameters are not only used to describe the intensity of earthquake ground motion but also to estimate or judge the magnitude of the structural response [9] . In fact, the earthquake ground motion exhibits two types of non-stationarities, namely temporal and spectral non-stationarities. The temporal non-stationarity refers to the time variation of the intensity of the ground motion in the time domain and the spectral non-stationarity refers to the time variation of the energy distribution of the ground motion in the frequency domain. Both the temporal and spectral non-stationarities of the earthquake ground motion may have significant effect on structural response.
For the structural seismic response analysis, various studies have been taken to model and simulate the non-stationarity of earthquake ground motion. The studies concentrate on temporal non-stationarity and various temporal non-stationarity models [10] [11] [12] [13] [14] have been proposed to describe earthquake ground motion. However, only temporal non-stationarity of earthquake ground motions cannot fully explain the structural response under earthquake ground motion. Iyama and Kuwamura [15] constructed artificial earthquake ground motions with similar time history curves but found that the resultant structural responses and damages differed greatly. Beck and Papadimitriou [16] investigated nonlinear structural response during seismic waves with time-invariant frequency and time-varying frequency, and found that the time-varying frequency can cause larger response due to the inner resonance. Consequently, several methods considering spectral non-stationary in earthquake input were proposed, such as the Fourier transform [17, 18] , Hilbert transform [19] , generalized harmonic wavelets [20] , and wavelet transforms [21] [22] [23] .
Nonlinear dynamic analysis is a required step in seismic response analysis of many structures, e.g., masonry buildings [24] , high-rise buildings [25] , cable-stayed bridge [26] , and long-span bridge [27] . The focus on the causes of seismic response considering the non-stationarity of earthquake ground motion is helping to improve the engineering insight into earthquake-resistant structural design. With the development of ground motion modeling and elaborate structural analysis, the analysis of structural seismic response has been further developed. Cao and Friswell [28] used wavelet transform to establish local spectrum to reflect the time-frequency energy distribution of earthquake ground motion and found that the difference of energy concentration causes quite a large difference in nonlinear structural displacement. Yu et al. [29] investigated the influence of non-stationary characteristics of ground motion via performing the shaking table test under different ground motion inputs and the results show that the structural response will be increased when the earthquake energy focuses on a certain short period. Zhang et al. [30] used wavelet transform to analyze the impact of earthquake energy distribution in time-frequency domain on structural response and found energy concentration in the time domain can cause an adverse effect on inter-story isolation structures. Saman [31] used wavelet transform to represent the energy input of earthquake ground motions in time and frequency domains and found the amount of input energy and its corresponding frequency contents have a great influence on the level of damage. It indicates that the energy distribution of ground motion has a significant influence on the structural response.
Despite all these efforts, due to the complexity and randomness of the earthquake ground motion, the earthquake input effect concerning spectral non-stationarities has still not been fully investigated. Although it is generally recognized that the energy distribution of ground motion has a significant effect on the structural response, nevertheless, little targeted analysis has been done. In order to highlight the seismic effect of the energy distribution on the structural response, this paper implements a matching pursuit decomposition algorithm for time-frequency analysis. A series of artificial earthquake ground motions with the same peak ground acceleration, Fourier amplitude spectrum, and duration but with different time-frequency energy distribution are generated and chosen as an earthquake input. Hence, the difference in structural responses is mainly determined by the difference in time-frequency energy distribution. A study on the response of certain nonlinear structures excited by such artificial earthquake input, it can be found that the plastic deformation of the structure may accumulate in a certain direction, which is commonly known as the dynamic ratcheting phenomenon, under certain circumstances.
Scope
The contents of this paper are arranged as follows: In Section 2, a time-frequency analysis method for earthquake ground motion, matching pursuit decomposition algorithm, is implemented to analyze ground motion thus that the obtained time-frequency energy distribution has a high temporal and spectral resolution. Section 3 presents a brief introduction to the dynamic ratcheting phenomenon of the elasto-perfectly-plastic structure. In order to analyze the influence of time-frequency energy distribution of ground motion on the structural response, a series of simple signals and artificial earthquake ground motions are constructed as earthquake input of structure, and the structural responses are compared in Section 4. In Section 5, some conclusions are presented.
Matching Pursuit Decomposition Algorithm
For the purpose of constructing seismic waves with the same peak ground acceleration, spectral characteristics, and duration, but with different time-frequency energy distributions, a matching pursuit decomposition method is proposed. It is a common approach used in signal processing [32] [33] [34] [35] [36] [37] [38] [39] for analyzing the non-stationarity. For the completeness of the article, this method is briefly introduced as follows.
Matching pursuit (MP) is time-frequency analysis method, as a new generation of spectral decomposition technology, has great application potential in seismic interpretation [40] . The original algorithm is based on the ultra-complete wavelet library composed of the Gabor function, and the time-frequency characteristics of the original signal are obtained by the sum of the Wigner-Ville distributions of the matching wavelets in the wavelet library.
Defined D = g γ n (t) as an ultra-complete redundant time-frequency atom library, the module of each time-frequency atom is 1. The elements in the atomic library are orthogonal bases that are similar to the sine and cosine bases of the Fourier transform, except that these orthogonal bases have finite support intervals and frequency ranges, which allow the resolved signals to have different time and frequency resolutions. Here g(t) is a normalized window function, given by Equation (1) .
where γ n = (s n , u n , f n ) is the atomic control parameter group, where s n is the scale, reflecting the time scale of the atom, the larger s n the higher the frequency resolution, and on the contrary, the smaller s n the higher the time resolution (lower frequency resolution); u n is the phase, reflecting the time advance or lag of the atomic center deviating from the center of the parent atom; f n is the atomic center frequency, reflecting the peak frequency of the atomic oscillation. Assume that the input signal has a certain correlation with the atom in the dictionary library. This correlation is represented by the inner product of the signal and the atom in the atom library, that is, the larger the inner product, the greater the correlation between the signal and the atom in the dictionary library. Thus the atom can be used to approximate the signal x(t):
There is an error in this representation. The atom is subtracted from the original signal to obtain the residual:
Then another atom is selected from the dictionary to represent the residual by calculating the correlation. Iteratively performing the above steps, the signal residual will become smaller and smaller. When the error is satisfied, the iteration is terminated, and a set of atoms are obtained. The set of atoms can be linearly combined to reconstruct the input signal.
Thus for any signal x(t), a set of obtained atoms can be used to approximate the input signal [41] :
where x n (t) is the nth component of the decomposition; R n x(t) is the nth signal residual and R 0 x(t) = x(t); g γ n (t) is the nth optimal matching time-frequency atom, making the inner product of R n x(t) and g γ n (t) is the largest. Since the signal x(t) to be decomposed is usually a real signal, each component obtained by the above decomposition algorithm must be converted into a real component. It can be realized by converting a complex time-frequency atom into a real time-frequency atom, shown in Equation (7).
where C (γ n ,φ n ) is the constant coefficient making the adjusted real time-frequency atom's modulus be 1; φ n is the phase angle of the complex time-frequency atom; γ − n is the conjugate parameter group of γ n , satisfying γ − n = (s n , u n , − f n ). Hence, the component signal obtained by the matching pursuit decomposition is obtained. (Equation (8)):
Furthermore, the Wigner-Ville Transform is used to obtain the time-frequency energy distribution of signal.
Wigner-Ville Transform is defined as:
where H stands for Hilbert Transform; · is the complex conjugate symbol; and the definition of Hilbert Transform is:
Consequently, the time-frequency energy distribution of the input signal can be represented as:
The above matching pursuit decomposition algorithm can be implemented by Matlab. Take an actual earthquake ground motion (Hachinohe) for example, the time-frequency energy distribution obtainment flow chart is shown in Figure 1 . Due to the adaptability of the algorithm, the time-frequency energy distribution obtained by the matching pursuit decomposition algorithm has a relatively high time and frequency resolution. 
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The equation of motion for an elasto-perfectly-plastic single degree of freedom structure is given
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by Equation (12) .
Where is the nonlinear restoring force, satisfying:
Where is the structure yield force.
170
Structure ductility is:
Where x is the structural yield displacement.
172
Assuming = , then
Substituting , into Equation (12) obtains the equation of ductility, shown in Equation (16). 
Dynamic Ratcheting Phenomena
Dynamic ratcheting usually occurs in nonlinear systems. It means the structural plastic deformation may accumulate in a certain direction under certain excitations, which makes the structure produce large nonlinear displacement. The excessive displacement under seismic excitation may even cause progressive collapse, which should be avoided in practical projects. In order to facilitate the reader to understand the dynamic ratcheting phenomenon, this section briefly introduces the origination of dynamic ratcheting as follows.
The equation of motion for an elasto-perfectly-plastic single degree of freedom structure is given by Equation (12) . m
..
where R is the nonlinear restoring force, satisfying:
where R y is the structure yield force. Structure ductility µ is:
where x y is the structural yield displacement.
µ, when |r| < 1 0, else
Substituting µ, r into Equation (12) obtains the equation of ductility, shown in Equation (16).
where ξ is the damping ratio; 0 is the angular frequency before yield. Take simple sinusoidal excitation as an example to explore the origination of the dynamic ratcheting phenomenon of an elasto-perfectly-plastic structure. Input ..
x g is given by Equation (17).
where f 0 is the fundamental frequency of the sinusoidal excitation; n is the frequency ratio of two input excitation.
Supposing an elasto-perfectly-plastic structure model, whose mass is 1 kg, yield displacement is 0.01 m, structural frequency before yielding is 1 Hz, and the damping ratio is 0.05. Excite the elasto-perfectly-plastic structure by two sine waves. Since the fundamental frequency of the sine waves is 1 Hz, when the frequency ratio is rational, e.g., 1.5, 2, 2.5, 3, 3.5, 4, 5, and 8 respectively, the ductility time-history is shown in Figure 2 ; when the frequency ratio is irrational, e.g.,
, and √ 11, respectively, the ductility time-history is shown in Figure 3 . It can be seen from Figure 2 that when the frequency ratio is even, the dynamic ratcheting phenomenon is obvious, and the dynamic ratcheting effect is more significant with a smaller frequency ratio, and when the frequency ratio is 2 the structural ductility demand is far more than other cases. On the other hand, it is known from Figure 3 that when the frequency ratio is irrational, dynamic ratcheting does not occur.
In conclusion, the elasto-perfectly-plastic structure shows a very significant dynamic ratcheting phenomenon under sinusoidal excitation with a frequency ratio of 2; but this requires the multiple frequencies occurring within the same time period, if not at the same time, even if the frequency ratio is 2, there will be no dynamic ratcheting. dynamic ratcheting phenomenon will occur, resulting in a large nonlinear displacement of the 207 structure [44] [45] [46] . For simplicity, only the elasto-perfectly-plastic structure is considered in this paper.
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The seismic nonlinear response of a practical project is much more complex. 
Influence of Time-Frequency Energy Distribution of Ground motion on Structural Response
This section aims to analyze the influence of the time-frequency characteristics of ground motion on the structural response. It is well known that as structural members yielded, the dominant frequency of the nonlinear structure decreased [42, 43] , which may cause a resonance if the dominant frequency being equal to the time-varying frequency of the earthquake ground motion. Moreover, if the earthquake ground motion has multiple frequency components at the same time period, the dynamic ratcheting phenomenon will occur, resulting in a large nonlinear displacement of the structure [44] [45] [46] . For simplicity, only the elasto-perfectly-plastic structure is considered in this paper. The seismic nonlinear response of a practical project is much more complex.
Influence of Time-Frequency Energy Distribution of Simple Input on Structural Response
Construct two artificial signals with the same peak acceleration, duration, and power spectrum, but different time-frequency energy distributions. The power spectrum is considered here instead of the spectrum to prevent spectral leakage. The two signals have a sampling frequency of 100 Hz and the signal duration of 40.95 s. The peak ground acceleration (PGA) of the first signal is 1 m/s 2 at the time instant 9.99 s; the PGA of the second signal is also 1 ms −2 , while at the time instant 10.09 s. When using a 512-point Hanning window, a 256-point overlap, and the 4096-point Fast Fourier Transform, the smooth power spectrum density of the two signals is the same at 0-5 Hz. Their time history and smoothed power spectrum are shown in Figure 4 .
Sustainability 2018, 12, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sustainability
210
Construct two artificial signals with the same peak acceleration, duration, and power spectrum, Analyze the structural response of the above elasto-perfectly-plastic structure under the two simple artificial signals. The ductility time history is shown in Figure 6 , and the force-displacement relationship is shown in Figure 7 , respectively. 
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It can be seen from Figure 6 that the ductility of the elasto-perfectly-plastic structure under the 246 second signal is much larger than that under the first one. The former has a peak ductility of more 
It can be seen from Figure 6 that the ductility of the elasto-perfectly-plastic structure under the 246 second signal is much larger than that under the first one. The former has a peak ductility of more It can be seen from Figure 6 that the ductility of the elasto-perfectly-plastic structure under the second signal is much larger than that under the first one. The former has a peak ductility of more than 20 and a residual ductility of about 20; while the latter has a peak ductility of no more than 5 and a residual ductility of about 0.5. According to the time-frequency energy distribution (Figure 5 ), the second signal has both the energy of 1 Hz band and 2 Hz band concentrated in 5-15 s, and the frequency ratio is 2, resulting in dynamic ratcheting phenomenon; since there is only a 1 Hz band energy in 25-35 s, dynamic ratcheting phenomenon does not occur in the period of 25-35 s. In comparison, the first signal has only the 1 Hz band energy concentrated in 5-15 s, and only 2 Hz band energy in 25-35 s respectively. Without multiple frequencies occurring within the same time period, the structure does not show dynamic ratcheting under the first signal. This indicates that the occurrence of structural dynamic ratcheting is closely related to the time-frequency energy distribution input.
Meanwhile, the force-displacement curve in Figure 7a is more symmetrical, and the curve is more evenly distributed around zero displacement point; while the force-displacement curve in Figure 7b is concentrated on the right side of zero displacement point with a residual displacement of 0.2 m. This shows that the time-frequency energy distribution of the input signal has a great influence on the ductile response of the elasto-perfectly-plastic structure, and if there are frequency components with even frequency ratio at the same time, the structure may have a complex response such as a dynamic ratcheting effect.
When the elasto-perfectly-plastic structure frequency is 2 Hz before yielding and the yield displacement is 0.01 m, the structure ductility time history under the two artificial signals is shown in Figure 8 , and the force-displacement relationship is shown in Figure 9 . Results show that the structure also experienced dynamic ratcheting under the second signal, due to the fact that the second signal has both the energy of 1 Hz band and 2 Hz band in 5-15 s, and the frequency ratio is even, thereby the dynamic ratcheting phenomenon occurs. 
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When the elasto-perfectly-plastic structure frequency is 2 Hz before yielding and the yield 265 displacement is 0.01 m, the structure ductility time history under the two artificial signals is shown
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in Figure 8 , and the force-displacement relationship is shown in Figure 9 . Results show that the 267 structure also experienced dynamic ratcheting under the second signal, due to the fact that the second 
Influence of Time-Frequency Energy Distribution of Ground Motion on Structural Response
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Since it is difficult to find an actual earthquake ground motion with the same ground motion 
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Influence of Time-Frequency Energy Distribution of Ground Motion on Structural Response
Since it is difficult to find an actual earthquake ground motion with the same ground motion parameters as the above constructed two signals, this section constructs a series of artificial ground 281 motions based on the actual earthquake ground motion records. Similarly, we construct the artificial 
Since it is difficult to find an actual earthquake ground motion with the same ground motion parameters as the above constructed two signals, this section constructs a series of artificial ground motions based on the actual earthquake ground motion records. Similarly, we construct the artificial ground motions with the same peak acceleration, spectral characteristics, and duration to fully analyze the seismic effect of the energy distribution of the ground motion.
The artificial earthquake ground motion generation flow chart is shown in Figure 10 . The basic idea is that the Fourier amplitude spectra of the generated ground motions are from those of typical earthquake ground motions (for simplicity these ground motions are noted as GM-A) and the phase spectra are from those of ground motions with PGA larger than a certain value like 0.2 g (for simplicity these ground motions noted as GM-B). The generation procedures in details are as follows:
(1) Take Fourier transform of GM-A and get the amplitude and phase spectrum, meanwhile take time-frequency transform to get the center frequency with the largest time frequency atom near the time instant when PGA occurs;
(2) Substitute the phase spectrum of GM-A by that of GM-B and make an inverse Fourier transform to get the real sequence signals and take the time-frequency transform of the generated real sequence signals and get the time-frequency atom with the largest energy.
(3) Replace the time-frequency atom with largest energy by that of GM-A, and adjust the local PGA thus that the PGA of the new generated real time sequence is equal to that of GM-A; (4) Take the Fourier transform of the new generated sequence signal to get the amplitude and phase spectrum and to check if the amplitude spectrum is same as that of GM-A in the specified interval. If it is true, the new generated sequence signal is a passable artificial earthquake ground motion. Otherwise modify the phase spectrum and go back to step (2) . 
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The artificial earthquake ground motion generation flow chart is shown in Figure 10 . The basic 285 idea is that the Fourier amplitude spectra of the generated ground motions are from those of typical 
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In this study, the typical earthquake ground motion records referred to Chichi, El Centro,
304
Northridge, Parkfield, and the Kobe earthquake ground motion records and their peak accelerations
305
and peak frequencies are shown in Table 1 . The phase spectra referred to the records in the horizontal 306 direction with peak accelerations larger than 0.2 g in the Chichi, Imperial Valley, Northridge, In this study, the typical earthquake ground motion records referred to Chichi, El Centro, Northridge, Parkfield, and the Kobe earthquake ground motion records and their peak accelerations and peak frequencies are shown in Table 1 . The phase spectra referred to the records in the horizontal direction with peak accelerations larger than 0.2 g in the Chichi, Imperial Valley, Northridge, Parkfield, and Kobe earthquakes, as shown in Table 2 , for a total of 169 records. Table 2 . Ground motion records generating the phase spectra.
Ground Motion Number of Ground Motion Records
Chichi ( Model an elasto-perfectly-plastic structure with a before-yielding frequency of 1 Hz, a yield displacement of 0.01 m, a damping ratio of 0.05, and a mass of 1 kg. Excite the structure by the generated artificial ground motions. If the ductility time history of the structure is provided with these characteristics: (1) The maximum ductility coefficient is greater than 3; (2) the plastic deformation of the structure continuously accumulates in a certain direction and the duration is greater than the three before-yielded period of the structure; the structure dynamic ratcheting phenomenon occurs. As a result, there are only seven artificial seismic waves generated according to above procedures, leading to the structural dynamic ratcheting phenomenon. The referred earthquake ground motion records are shown in Table 3 . Take CHY006-E and KAK090 for example to analyze the effect of the time-frequency energy distribution on the structural nonlinear response.
The time-frequency energy distribution of the CHY006-E ground motion is shown in Figure 11a . The ductility of the elasto-perfectly-plastic structure is shown in Figure 11b . As shown in Figure 11a , the center frequencies of the time-frequency atom #1, #2, #3, and #4, are 0.586 Hz, 1.563 Hz, 1.758 Hz, and 3.516 Hz, respectively. Not only that the atomic center frequency of the atom #2 is twice the center frequency of #1; similarly that of the atom #4 is twice of #3. It can be seen from Figure 11b that the dynamic ratcheting phenomenon occurs within 9-18 s, which is consistent with the time-frequency energy distribution in Figure 11a , because it exists time-frequency atoms whose center frequency ratio is twice during the period. Besides, no dynamic ratcheting occurred during other periods. 
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Fourier amplitude spectrum, and duration; explains the dynamic ratcheting phenomenon of the 354 elasto-perfectly-plastic structure. The main conclusions are as follows: The time-frequency energy distribution of the KAK090 ground motion is shown in Figure 12a . The ductility of the elasto-perfectly-plastic structure is shown in Figure 12b . As shown in Figure 12a , the center frequencies of the time-frequency atom #1, #2, #3, #4 are 0.488 Hz, 0.976 Hz, 1.824 Hz, and 2.734 Hz respectively. Moreover the atomic center frequency of the atom #2 is twice the center frequency of #1; and that of the atom #4 is 1.5 times of #3. It can be seen from Figure 12b that the dynamic ratcheting phenomenon occurs within 6-14 s, which is consistent with the time-frequency energy distribution in Figure 12a , because there is time-frequency atoms whose center frequency ratio is twice and 1.5 times during the period. Besides, no dynamic ratcheting occurred during other periods as well. 
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The time-frequency energy distribution of the KAK090 ground motion is shown in Figure 12 (a).
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The ductility of the elasto-perfectly-plastic structure is shown in Figure 12 
Conclusions
This paper proposes an earthquake ground motion generation method based on the matching pursuit decomposition algorithm and time-frequency energy distribution; constructs a series of simple signals and artificial earthquake ground motions with the same peak ground acceleration, Fourier amplitude spectrum, and duration; explains the dynamic ratcheting phenomenon of the elasto-perfectly-plastic structure. The main conclusions are as follows:
(1) The proposed decomposition for the earthquake ground motion has both high time resolution and high frequency resolution. The obtained time-frequency energy distribution can effectively reflect the energy distribution of the frequency components at any time and also reflect the frequency components near the peak acceleration.
(2) If there are frequency components with an even frequency ratio in a certain time duration, the response of the elasto-perfectly-plastic structure experiences a dynamic ratchet phenomenon. If these frequency components appear at different time periods, the elasto-perfectly-plastic structure does not undergo dynamic ratcheting.
(3) The time-frequency energy distribution could be further considered as a characteristic variable for ground motion besides peak ground acceleration, frequency spectrum, and duration, which has a vital effect on the structural response, especially in the nonlinear range. 
